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Large Eddy Simulation Analysis of Non-Reacting
Sprays Inside a High-G Combustor
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Supervisor: Venkatramanan Raman
Inter-turbine burners are useful devices for increasing engine power. To
reduce the size of these combustion devices, ultra-compact combustor (UCC)
concepts are necessary. One such UCC concept is the centrifugal-force based
high-g combustor design. Here, a model ultra-compact combustor (UCC)
with fuel spray injection is simulated using large eddy simulation (LES) and
Reynolds-Averaged Navier-Stokes (RANS) methodologies to understand mix-
ing and spray dispersion inside centrifugal-based combustion systems. Both
non-evaporating and evaporating droplet simulations were carried, as well as
the tracking of a passive scalar, to explore this multiphase system. Simulation
results show that mixing of fuel and oxidizer is based on a jet-in-crossflow
system, with the fuel jet issuing into a circulating oxidizer flow stream. It
is seen that a a high velocity vortex-like ring develops in the inner core of
the combustor, which has enough momentum to obstruct the path of combus-
tion products. There is minimal fuel droplet and vapor segregation inside the
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Inter-turbine burners (ITBs) are emerging as an useful concept for in-
creasing aircraft engine power. In such systems, a combustor is added between
the high and low pressure turbine stages, thereby providing additional energy
that can be used for thrust or extracted as power. ITBs are the response to
the ever increasing demand for reduced fuel burn, engine weight, and exhaust
emissions, while maintaining the durability of an aircraft engine [31, 33]. Simi-
lar to the main combustor, ITBs should have minimal length in order to reduce
weight. Since the ITB exhaust flows over the turbine blades, incomplete com-
bustion products could detrimentally affect the lifecycle performance of turbine
components through secondary reactions [2, 5, 6, 15, 31]. Ultra-compact com-
bustors (UCC) are one technology which can be used for ITB applications
[5, 6]. In UCCs, turning vanes are integrated into the combustor and the pri-
mary combustion zone is in a cavity protected from this core flow [31]. This
design feature reduces the size of the system.
One type of UCC that has received considerable attention is the high-
g combustor (HGC) design [3, 27, 32]. Fig. 1.1 illustrates a comparison of
the UCC versus the traditional combustor configuration inside a typical gas
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turbine jet engine. Since the oxidizer flow is circular instead of longitudinal, a
66% length reduction is achieved when compared to conventional combustion
systems with a diffuser and turbine inlet guide vanes [33]. Fig. 1.2 shows
pictures of the experimental HGC both assembled (Fig. 1.2a) and opened
(Fig. 1.2b), while Fig. 1.3 shows the modelled versions.
Figure 1.1: Traditional combustor (below), Ultra-Compact Combustor (above) [4].
The fuel and air swirl and react in the azimuthal direction of main cav-
ity (see Figs. 1.2b and 1.3), where combustion takes place. Air is compressed
in the outer plenum and travels through 6 sets of 8, 45◦, angled passages that
become the air inlets of the main cavity (see Fig. 1.3). The fuel is injected at
a normal vector towards the centerline through 6 equidistant sprays located in
between the sets of angled air inlets. This becomes a jet-in-crossflow system,
where the fuel is injected into a stream of circulating oxidizer flow. The air
inlets provide the swirling motion and centrifugal force that promotes burned
2
(a) Assembled system
(b) Main cavity (bottom)
Figure 1.2: Experimental high-g combustor.
3
(a) Assembled system
(b) Main cavity (isometric view)
Figure 1.3: Modelled high-g combustor.
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mixture transport radially inward toward the centerline. The high velocity and
direction of the gases in the cavity result in high centrifugal forces (e. g. order
of 1000 g) which enhance reaction rates [33]. The centrifugal forces improve
the transport of reactants and exhaust products as a result of buoyancy effects
[7, 8]. They maintain the denser products (unburned gases) in the outermost
radius, while the less dense (burned gases) travel radially inward towards the







where UT is the average tangential velocity inside the combustor, gc is standard
gravity, and r is the UCC’s inner cavity radius.
The main concept of using high-g loading in combustion came from
experiments from Lewis in the 1970’s [8]. He wanted to achieve flame speeds
greater than that of a turbulent flame and started investigating the effect
of centrifugal forces on flame spreading in propane-air mixtures. In his ex-
periments, he reached g-loadings of up to 104 g and observed a flame speed
increase of up to 4 times that of a conventional turbulent flame without having
to increase the flame inlet velocity [8]. He concluded that the burning rate of
fuel-air mixture is proportional to the square root of the g-loading, and com-
bustion in a centrifugal field greatly increases the buoyant forces that promote
the mixing of combustion products [7]. Lewis attributed the increased flame
speed to “bubbles” or eddies that move ahead of the flame front due to the
centripetal acceleration. He noted that at loadings greater than 200 g, the
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increased bubble velocity dictated flame propagation, which created a faster
and more turbulent flame [8]. This is important because a higher flame speed
means that more fuel can be burnt in a smaller volume, which is the main
goal of turbulent combustion. Zelina etal. [33] conducted experiments on a
UCC based on some of Lewis’ results and concluded that spray atomization is
also a strong driver for the system performance. Here, it was noticed noticed
that combustion efficiency is very sensitive to spray droplet size and liquid
evaporation rates [33].
With this background, the primary focus of this research is to under-
stand the turbulent flow inside a model UCC, in order to better describe the
mixing and combustion processes. In order to model the fuel spray injection in-
side the UCC, a Eulerian-Lagrangian modeling approach is taken. This means
that the UCC’s gaseous flow field is modeled using the Eulerian-based NS
equations, while the liquid-fuel spray is modeled in a Lagrangian-based fash-
ion. This creates a velocity coupling, which is taken into account with spray
source terms in the gaseous NS equations and in the Lagrangian droplets’
relative velocities. This thesis only focuses on fuel mixing and the spray-
based dispersion of fuel inside the UCC, so there are no chemical reactions nor
combustion modeling. However, a fuel mixture fraction transport equation is
solved to analyze gaseous fuel dispersion. Various simulations were conducted
with both LES and RANS numerical methods to analyze spray injection and
fuel mixture fraction. Focus is given to spray injection, so simulations with
varying mesh size and droplet diameter were carried out as well to analyze
6
solution quality and effects of buoyancy forces. This thesis is organized into 4
major parts: Modeling turbulent gas phase flow inside UCC, spray injection
modeling, simulation of the UCC, and results and discussion.
7
Chapter 2
Modeling Turbulent Gas Phase Flow Inside
UCC
The majority of the flows in real world applications are turbulent. The
flow inside a UCC is necessarily turbulent due to the high Reynolds number.
The motivation to study turbulent flow in combustion relies on its ability to
mix and transport fluids better and at a higher rate than laminar flow. Com-
bustion greatly benefits from the turbulent flow, through enhanced fuel/air
mixing leading to rapid energy release. Turbulent flow enhances the mixing
of reactants and rate of momentum and heat transfer, which are essential to
efficient combustion [24].
Turbulent flow is characterized by its random nature, but random in
the context that turbulence is neither certain nor impossible [24]. Any laminar
flow is fully described by the Navier-Stokes (NS) equations, where the velocity
field is a certain quantity. However, direct solution of the NS equations is not
feasible due to the large computational requirement associated with resolving
the range of length and time scales. An alternative approach is to seek only
the statistics of the velocity and combustion-related fields. In this sense, the
turbulent flow is treated as random fields, and a statistical approach is devised
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to evolve the one-point one-time statistics of the required quantities. These
statistics revolve around the probability density function (PDF), which is an
essential tool that quantifies random variables. Statistics come into play both
in the simulation models and most importantly when validating a solution to
the modeled NS equations. When numerically simulating turbulent flows the
most widely used techniques are Reynolds-averaged Navier-Stokes (RANS)
and large-eddy simulation (LES). The UCC’s gaseous flow field is modeled
using both of these numerical techniques. This chapter deals with the gaseous
Eulerian part of the modeling, while Chapter 3 deals with the Lagrangian spray
modeling. This chapter also gives a brief introduction to the turbulence energy
cascade theory, explains how OpenFOAM implements the RANS and LES
methods for numerically solving the NS equations with spray source terms,
and describes the transport equation for mixture fraction.
2.1 Energy Cascade and Kolmogorov Scales
One of the most important concepts in understanding the behavior
of turbulence is the energy cascade theory. It states that large turbulent
scales contain kinetic energy, which gets transferred inviscidly to progressively
smaller scales until the local Reynolds number is low enough to allow viscosity
to dissipate the energy [24]. During turbulent combustion, mixing is initiated
by the large scales where convection generates high velocity gradients in the
flow. But it is up to the energy dissipating small-scales to finalize the mixing
process so that the fuel and air are molecularly mixed, which is a precursor for
9
chemical reactions. Therefore, it is very important to understand the behavior
of turbulent length scales and the rate at which turbulent kinetic energy is
being transferred from large to small scales.
Kolmogorov explained the turbulent scale phenomena even further through
a series of hypotheses [24], which deduced powerful properties that facilitated
the statistical description of turbulent flows. The first hypothesis stated that
at high Reynolds numbers small scale eddies are locally isotropic because due
to the chaotic nature of the anisotropic large eddies, their directional bias is
lost with the energy cascade. The threshold between large and small scales is
marked by the length scale that contains the smallest energy, `EI , which can
be approximated as one sixth of the largest eddy size, `o.
Kolmogorov argued that the geometry of the large eddies was lost as
well with the energy cascade, so the statistics of the small scales must be
universal and described by the kinematic viscosity ν and the energy dissipation
rate ε. This was his second hypothesis, which identified the smallest turbulent
scales (later referred to commonly as the Kolmogorov length scale) inside a
universal equilibrium range (< `EI). His third hypothesis splits the equilibrium
range into the inertial subrange and the dissipation range. In the inertial
subrange only inertial forces transfer the energy form the large scales to the
Kolmogorov’s scales, so it acts as a transition zone. In the dissipation range,
viscous forces dominate and dissipate the energy at the smallest scale level
[24]. Fig. 2.1 illustrates Kolmogorov’s lengthscales and what simulation types
are used to explicitly resolve them.
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Figure 2.1: Turbulent lengthscales and ranges on a logarithmic scale at high
Reynolds number [24].
2.2 RANS
RANS is the most widely used method for solving fluid motion today.
It is so widely used because it is very computationally inexpensive, while
giving an averaged solution of the flow field. The governing equations for a
multiphase-flow that describe both the continuous gas phase and the motion of
spray droplets are the NS equations with a spray momentum source term [28].
RANS consists of time averaging the NS equations, modeling the Reynolds
stress tensor that arises from the time average, and solving for the averaged
velocity field. The velocity 〈U(x, t)〉 is decomposed into the mean velocity
u(x, t) plus a fluctuating component u′(x, t) as shown below,
〈U(x, t)〉 = u(x, t) + u′(x, t). (2.1)
The averaged incompressible continuity and momentum NS equations
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for the continuous gas phase are [1]:
∂ρ
∂t




+∇ · (ρuu) +∇p−∇ · τij − ρg + Fs = 0, (2.3)
where ρ is the averaged gas phase air density, ρ̇s is the evaporation rate (derived
in 3.3.1), p is the mean pressure, g is the vector acceleration due to gravity,
and Fs is the momentum gain per unit volume source term due to the spray
(derived in 3.1) [1]. The averaged density ρ is solved through the continuity
equation (2.2) and the averaged velocity u through the momentum equation










µ is the gas phase dynamic viscosity and −ρu′iu′j is the Reynolds stress tensor
that is modeled to bring closure to the NS equations. From the turbulent-
viscosity hypothesis, which states that the deviatoric Reynolds stress is pro-












where k is the turbulent kinetic energy and µT is the turbulent viscosity (or
eddy viscosity).




















µeff (x, t) = µ+ µT (x, t) (2.7)
is the effective viscosity and µ the gas phase kinematic viscosity. Full closure is
obtained by modeling the time dependent turbulent viscosity µT through the
compressible flow version of the k-ε turbulence model. In this two equation






where k is the turbulent kinetic energy, ε is the turbulent dissipation rate, and






































(C1G− C2 ρε) , (2.10)
with the constants:
C1 = 1.44 C2 = 1.92 σK = 1.0 σε = 1.3. (2.11)
In equations (2.9) and (2.10) G represents the generation of turbulent
kinetic energy due to mean velocity gradients. It is defined as
G = µTS
2, (2.12)

















OpenFOAM does not take into account the droplet-turbulence interaction be-
cause a spray source term does not appear in the previous turbulence equa-
tions. The turbulence modulation due to the presence of a spray is a complex
process that is not yet fully understood. Turbulence generation due to spray
droplets is vastly influenced by how diluted the spray is, ratio of particle size to
characteristic turbulent length scale, and velocity difference between the dis-
crete and gaseous phases [16]. Some attempts of turbulence modulation consist
of adding a sink spray source term in the k−ε equations, which reduces turbu-
lent energy in the presence of a liquid parcel. However, this assumes that liquid
volume fraction is negligible and that the droplets are small in comparison to
the turbulent length scales [1]. Due to the lack of a well-established method of
introducing spray turbulence modulation, OpenFOAM’s standard k− ε model
without a spray source term is used. Therefore, turbulence is only influenced
indirectly by the momentum transfer and generation of velocity gradients from
the Lagrangian phase [22].
2.3 LES
Unlike RANS, LES is based on the concept of filtering, where the most
energetic scales are directly solved while the effect of small scales is modeled. It
is a compromise between directly solving the NS equations (DNS) and RANS
because LES explicitly resolves the scales that describe the majority of the
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flow domain. This translates into a much more detailed representation of the
flow and its major structures. Another advantage of LES is that it is less
computationally expensive than DNS because it avoids the cost of explicitly
resolving the small-scale motions and the flow can be resolved on a coarser
grid than DNS.
In LES, the velocity field U(x, t) is decomposed into the sum of a filtered
component ũ(x, t) and a residual or sub-grid scale (SGS) component u′(x, t)
as shown below,
U(x, t) = ũ(x, t) + u′(x, t). (2.15)
The filtered component represents the resolved velocity of the large-
scale motions or large eddies. The most common filter functions are the box
filter, the Gaussian filter, and the sharp spectral filter [24]. Each filter function
uses a specified filter width ∆. In practical computations, the filter width is
implicitly set by the computational mesh. In this sense, the filtering function
does not enter the calculations. The local filter width is obtained based on the
computational cell volume, which marks the threshold of the large-scale mo-
tions. Therefore, ∆ should be at most comparable to lEI in order to accurately
resolve large-scales [24]. In compressible flows, a Favre-filtered field is most
commonly used in order to account for the density changes. For a space and






ρ(y, t)Q(y, t)G (y − x) dy, (2.16)
where ρ is the filtered density, and G is the filtering kernel that typically
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operates over a finite domain. By filtering the Navier Stokes equations, the
effect of large energy-containing scales is retained, while the effect of smaller
sub-filter scales needs to be modeled. LES captures the large-scale mixing
accurately, which is deemed sufficient for capturing flames far from extinction.
Applying the filtering operation to the continuity and momentum equa-








+∇ · (ρũũ + pδ − τ̃) +∇ ·Mu + Fs = 0, (2.18)
where ũ is the filtered velocity field, p is the filtered pressure, and τ is the







µ̃ (∇ · ũ) δ, (2.19)









In equation (2.18), Mu is the SGS stress that arises from the filtering of the
nonlinear convection term and requires modeling. In this study, a Smagorinsky-
type eddy-viscosity model is used for closure.








where turbulent viscosity µt = Csρ∆
2|S̃|. An algebraic model is used for
dynamically determining the value of modeling constant Cs [9]. Note that
just like in the RANS equations, the sub filter models are left unchanged for
the case with spray droplets, which is a strong assumption. In general, the
presence of sprays will alter the small scale dissipation, but this aspect is
almost always neglected in LES computations.
2.3.1 Mixture Fraction
A conserved scalar is used to analyze the fuel dispersion inside the
UCC. This is done by introducing fuel into the combustor in a gaseous state
through all the fuel inlets, where density changes are neglected and the flow is
assumed to be incompressible due to the low injected velocities. The gaseous
flow field is represented by the momentum NS equations mentioned before,
but in order to provide a measure of fuel dispersion inside the combustor, fuel





where Xi is the elemental mass fraction for element i and the subscripts OX
and fuel denote the values at the oxidizer and fuel stream inlets respectively.
Z is carried through the flow by solving its transport equation,
∂Z
∂t
+∇ · (uZ)−∇ · νeff∇Z = 0, (2.23)
where νeff is the effective viscosity, which is the sum of the laminar viscosity
and the turbulent viscosity obtained from either equations (2.8) or (2.21) de-
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pending on RANS or LES modeling. The transport velocity u is either the





In the UCC as well as all aircraft engines, the liquid fuel is injected
into the combustion chamber in the form of a finely atomized spray. This
spray is an example of a two-phase flow, which consists of a continuous and
a discrete phase. A spray is commonly generated through atomization and
a series of break-up stages; the continuous liquid phase is broken down from
ligaments to droplets through atomization and the droplets are further broken
down through collisions and aerodynamic forces as shown in Figure 3.1. After
the droplet generation and break-up, evaporation occurs, leading to gas phase
fuel that is then transported by turbulent convection [26].
Modeling a spray system is a complex task due to the coupled fluid-
dynamics and transport phenomena that occur among the droplets, and with
the carrying gas. The overall exchange of mass, momentum, and energy of
the system can not be determined without some detailed knowledge at a fine
scale, which creates a scale coupling reminiscent of the turbulent energy cas-
cade theory. The modeling is further complicated with the introduction of
turbulent combustion since the evaporation rate strengthens the coupling be-
tween the discrete and gaseous phases and imposes a limit on the droplets’
19
Figure 3.1: Illustration of the droplet break-up phases in a spray colored by droplet
diameter [10].
lifetime [26]. The droplets’ interaction with another surrounding gas (oxi-
dizer in non-premixed combustion) adds more complexity to the system. Fuel
mixing, chemical and turbulent time scales, and ignition time become criti-
cal components in determining the fuel burning rate and overall combustion
efficiency.
The approach used in this work consists of three steps. The atom-
ization part is not modeled, and the result of atomization is considered as
spray droplets of known distribution entering the domain. First, the dispersed
liquid droplets are considered as non-evaporating particles that are only in-
teracting with the carrying gas. The continuous gas phase is solved in the
20
Eulerian framework and the liquid spray is treated by a standard discrete
droplet method (DDM) [21]. In order to increase computational efficiency,
a collection of particles with constant properties are treated as parcels. Each
parcel represents a class of identical, non-interacting droplets, that are tracked
in physical space in a Lagrangian manner as they interact with the continuous
gas phase flow [21]. Second, once the droplets reach a steady state with the
surrounding turbulent flow, evaporation is considered. The start of evapora-
tion is defined by a fixed saturation level of fuel mass fraction that depends
on the surrounding gas’ temperature and pressure. A mixture fraction scalar
is then used to describe the mixing between the gaseous fuel and oxidizer.
Finally, an ignition time and location is specified inside the combustion cham-
ber, where gaseous fuel and oxidizer are instantaneously converted into burned
gases and flame propagation begins [25].
3.1 Lagrangian Approach For Droplets
The droplets’ properties are solved in the Lagrangian space and their
effect on the continuous gas flow is taken into account through the spray’s
evaporation and momentum source terms (ρ̇s and Fs in the NS continuity and
momentum equations (2.2), (2.3), (2.17), and (2.18)). The momentum source
term Fs is calculated at every droplet time step in the Lagrangian frame,
summed over all of the droplets, and added into the NS momentum equation
at each Eulerian time step to update the flow velocity. The momentum source
21





where N is the number of droplets in the system and fd is the droplet mo-
mentum contribution on a unit volume of fluid ∆V , which is equal to the
difference in droplet momentum between the time it enters (tin) and leaves







In equation (3.2), ud corresponds to the droplet’s local velocity and md







where ρd is a droplet’s liquid density and Dd its diameter. In order to calculate





= Fd + Fg, (3.4)
where only drag, Fd, and gravity, Fg, forces are considered. When including
expressions for these, equation (3.4) becomes
dud
dt
= −ud − u
τu
+ g, (3.5)

































and ρ and µ are the gas’ density and dynamic viscosity respectively.
3.2 Particle Dispersion
Understanding the interaction between droplets and the carrying fluid
is the basis of being able to model a spray system. Droplet dispersion stems
from the flow interaction between the carrying gas and its surroundings. Stokes
number, St, is the main dimensionless parameter used to describe droplet
dispersion and it shows how accurate droplets capture the flow characteristics
of the carrying fluid [25]. It is the ratio of the droplet to carrier fluid time






























where ρl is the liquid’s density, Dd is the droplet’s diameter, ν and µ are
the carrying gas’ kinematic and dynamic viscosities respectively, and ε is the
turbulent energy dissipation rate [29]. The energy dissipation ε is estimated
through the formula,




where l is the turbulent characteristic length scale, taken as 50 % of the angled
air inlets width, and k is the turbulent kinetic energy estimated with the






where Ua is the angled air inlet velocity magnitude and I is a turbulent in-
tensity of 5 %. If St 1, the droplet response time is much shorter than the
fluid’s, so small perturbations in the flow can be captured at a greater detail
by the droplets. If St  1, then a time lag exists between the fluid’s motion
and the droplets to the point where the droplets do not respond fast enough
to flow perturbations.
When analyzing the flow of non-evaporating droplets, varying the Stokes
number provides insight into how droplet size and inertia affect the droplets’
dispersion and mixing. This is important because fuel droplet mixing affect
fuel concentration and evaporation rates, which alter combustion . DNS sim-
ulations by Reveillon and Demoulin (2006) have shown interesting droplet
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behavior in non-reacting turbulent flows, droplet evaporation, and combus-
tion when varying Stokes number. Their results show that for St = 0.17 the
droplets segregate in weak vorticity areas because they do not possess enough
inertia to reside in vortex cores, which diminishes dispersion. For high Stokes
numbers, 5.6, a much more dispersed spray occurs because there is enough
inertia for the droplets to cross high vorticity areas, which results in bet-
ter droplet mixing. The most interesting case happens for a Stokes number
close to unity. Here, maximum droplet segregation occurs, which means that
clusters with high liquid droplet density are scattered throughout the domain
[25]. This thesis explores this interesting regime in the UCC, where the Stokes
number is close to unity.
3.2.1 Droplet size distribution
This thesis explores the effects of both constant and variable droplet size
distributions in spray impingement. Since atomization is not being considered,
the part where the majority of the droplet breakup occurs, imposing a PDF
at the spray inlet to include some of the effects of the varying droplet sizes is
appropriate. The chosen PDF is the Rosin Rammler particle size distribution
because it is well established and the most commonly used particle size PDF in
spray modeling. It is based on the droplet’s diameter Dd and returns a droplet
diameter distribution by specifying a mean diameter, D md , and a particle size
range, n, as shown below,










After the droplets have reached equilibrium with the surrounding tur-
bulent flow and a set boiling pressure, evaporation starts. The process is gov-
erned by the droplet evaporation rate, which reduces the size of the droplet
until its liquid mass is converted into the gaseous phase. Droplet dispersion
and evaporation play a major role in combustion because depending on how
the droplets disperse, once they evaporate clusters of high fuel concentration
can generate, which decrease combustion efficiency. Results by Reveillon and
Demoulin (2006) show that this happens when St is close to unity and the
droplets show maximum segregation. As evaporation starts, the surrounding
vapor in these clusters gets closer to its saturation level, which starts reducing
the vapor flux from the droplets’ surface and the overall evaporation rate. This
evaporation scenario is summarized by Fig. 3.2.
Figure 3.2: Three-step evaporation process [25].
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(1) Droplets start evaporating normally at a fast rate. (2) As the vapor
from the initially evaporated droplets starts reaching its saturation level in
clusters of high droplet density, the evaporation rate dramatically decreases.
(3) The remaining droplets inside these clusters are evaporated only if (3a)
diffusion and turbulent mixing reduce the vapor concentration in the cluster or
(3b) turbulent motion gives droplets enough momentum to escape the cluster
and into a lower vapor concentration [25]. Reveillon and Demoulin also noticed
that for St << 1 droplets segregate in weak vorticity areas and are minimally
dispersed. For St >> 1, the droplets have enough inertia to cross high vorticity
areas and vast dispersion occurs.
3.3.1 Evaporation rate
In order order to calculate the total evaporation rate ρ̇s in equations






ρ̇sdV = −V ρ̇s, (3.16)
where V is the volume of the cell, ṁd is a single droplet’s evaporation rate,
and Np is the statistical number of droplets in a parcel. The evaporation
rate dictates how fast a droplet gets converted into gas and its liquid mass
becomes added gas in the system. In this study a standard evaporation model
is followed, where droplet evaporation occurs when the fuel vapor pressure is
lower than the combustion chamber’s pressure [19]. The only mass transfer
occurs from the liquid to the gas phase; condensation is not considered.
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A single droplet’s evaporation rate is quantified as a rate of size reduc-








= πDdρvShD ln(1 +B), (3.17)
where ρv is the density of the fuel vapor close to the droplet’s surface (estimated
using the ideal gas law), D is the droplet’s mass diffusion, B is Spalding’s mass
transfer number, and Sh is the Sherwood number defined as,
Sh = 2.0 + 0.6Re1/2Sc1/3, (3.18)
where Sc is the droplet’s Schmidt number.




















All of the simulation work in this thesis was done using OpenFOAM
(Open Field Operation And Manipulation) [18], an open source CFD object-
oriented software toolkit with ability to simulate problems that range from
molecular dynamics to finite element analysis. It was designed to facilitate re-
search in physical modeling by taking a modular approach where the physics,
numerics, and meshing parts of a problem are separated from each other [12].
Since OpenFOAM is a C++ based software, it takes advantage of its object-
oriented framework. This gives the user an extensive ability to tailor Open-
FOAM to fit his or her research needs by implementing new numerical solvers,
discretization schemes, and complex geometries without modifying the entire
source code. It also includes an extensive library of solvers that the user can
modify to add new features, or reference when creating one from scratch. This
modular approach allows for extensive code re-use, fewer bugs, and the user
only needs to understand the main modules without going deep in the source
code. This chapter explains the OpenFOAM numerical solvers used to simu-
late the flow inside the UCC and the simulations that were carried to explore
spray droplet dispersion and fuel mixture fraction.
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4.1 Numerical Implementation
OpenFOAM is defined in a UNIX environment and recognizes a prob-
lem through a case folder, where the problem’s physics, numerics, boundary
conditions, and mesh files are included. Each case folder is governed by the
type of numerical solver the user chooses based on the problem’s flow type and
physics. These solvers use numerical discretization schemes to solve the RANS
or LES NS equations. The two OpenFOAM solvers that were used to simulate
spray injection and fuel mixture fraction inside the UCC were dieselFoam and
an altered version of pisoFoam, respectively.
DieselFoam is a low-Mach number compressible flow solver created to
simulate diesel spray injection in internal combustion engines from injection
to combustion. Some of the features of dieselFoam include its ability to model
a spray using a Eulerian-Lagrangian approach, atomization and evaporation
modeling, use of various PDFs to describe droplet size, and simple chemistry
and combustion modeling. Since only droplet dispersion and evaporation are
analyzed in this work, the other features were not used. In OpenFOAM, all
of the numerical schemes and matrix equation solvers used to discretize each
term in the RANS and LES NS equations are defined in the fvSchemes and
fvSolution files (see App. A). DieselFoam uses a PISO (Pressure Implicit
Split Operator) algorithm to solve the equations for pressure and velocity. This
is an iterative procedure used in transient solvers, which evaluatess a solution
based on initial conditions and corrects it every time step. A second-order
Euler implicit scheme is used for time advancement, while the convective and
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diffusive terms are discretized using second-order Gaussian integration with a
linear interpolation scheme. Pressure and velocity equations are solved using
preconditioned conjugate and bi-conjugate gradient solvers with tolerances of
1 ×10−6.
In the mixture fraction case, the pisoFoam solver was modified to solve
for the mixture fraction transport equation (2.23) in addition to the NS equa-
tions, the name of the new solver became mixFoam. The additional transport
equation was implemented by adding the file ZEqn.H (see App. B.3) inside
the pisoFoam source code. MixFoam also uses the PISO algorithm to solve
for pressure and velocity. It is a standard incompressible flow solver that is
used for transient simulations. Since density and spray source terms are not
being solved for, mixFoam has a much shorter computational time than die-
selFoam. The same numerical schemes and matrix equation solvers used for
spray injection were used for mixture fraction (see App. B).
4.2 Simulation Conditions
A total of 7 simulations were carried out in this thesis to analyze spray
droplet and gaseous fuel dispersion inside the UCC. The simulations are di-
vided into two major parts: spray injection and mixture fraction. Fig. 4.1
shows all of the simulations that are presented in this work, along with sim-
ulation type and mesh used. The spray injection simulations are subdivided
into constant and variable droplet diameter, which were solved using both LES























Figure 4.1: UCC simulations.
to analyze in detail the droplet dispersion and behavior inside the flow field
created by the UCC. Varying the droplet size gives insight to the effect of
buoyancy forces on spray dispersion, which is one of the main drivers of this
experimental combustor. Evaporation is only included in one variable diam-
eter simulation to explore the standard evaporation model in OpenFOAM.
It is important to note that most of the simulations were carried out using
a standard (std.) mesh, except one, the LES with constant Dd. Only one
simulation with the fine mesh (see Fig. 4.2) was carried out due to the large
computational time required from increasing the number of grid points.
In this work, CAD files were used to construct the computational
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meshes through Ansys’ ICEM CFD [11] mesh generation software. Since the
area of interest of the UCC is the main cavity, where fuel injection and com-
bustion take place, the flow of the outer plenum is not modeled. This allows
for a greater number of mesh points to be included in the main cavity and more
flexibility in controlling the angled inlet velocities, which dictate the combus-
tor’s g-loading. Three unstructured tetrahedron meshes were created to solve
for the flow and spray injection inside the UCC: standard and fine versions
for the spray injection cases and a standard version for the mixture fraction
case. Figure 4.2 shows the meshes used in this thesis and their corresponding
number of grid points.
To increase the computational speed, MPI-based domain decomposi-
tion of the flow configuration is used and all of the simulations were carried
out on 32-64 processors. All of the boundary conditions were matched as close
as possible to the experimental conditions provided through private commu-
nication with Dr. David Blunck from the AFRL, who also provided fuel types
and mass flow rates for the UCC. This section explains the geometry configu-
ration and conditions used to model spray injection and mixture fraction.
4.2.1 Spray Injection
When simulating spray injection, only three out of the six fuel injec-
tors were activated and a flow-deswirler was included in the outlet to match
the experimental test set-up at the AFRL as shown in Fig. 4.3. The UCC’s
geometry, including the flow-deswirler, is shown in Fig. 4.4. It labels the main
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(a) Spray Fine (3,391,459 pts.) (b) Spray Std. (973,392 pts.)
(c) Mixture Fraction Std. (848,940 pts.)
Figure 4.2: UCC simulation meshes
components of the UCC and the location of the fuel spray nozzles relative to
the angled air jets. Figure 4.5 is a sectional view of the UCC at the plane
of injection, which gives a better understanding of how the swirling motion
is initialized. The blue arrows indicate the direction of the bulk air that the
45◦ air jets create, while the black arrows indicate the direction of fuel spray
injection. The sprays inject liquid n-heptane normal to the main cavity to-
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wards the center and the angled air jets produce the circular bulk motion
that creates three jet-in-crossflow scenarios. The spray injection results are
divided into simulations with constant and variable droplet diameters. RANS
and LES results were obtained for each. The main simulation conditions and
parameters are listed in Table 4.1. In OpenFOAM, these are specified in the
sprayProperties and injectorProperties files (see App. A).
Figure 4.3: Experimental combustor with flow-deswirler installed.
In order to model the 45◦ angled air inlets, the groovyBC package was
used. It allows to specify complex boundary conditions, and in this case it
created a vectored boundary condition where the vector’s magnitude and di-
rection are specified. Each of the angled air inlets has a velocity magnitude
of 2.5 m/s, which corresponds to a g-loading of 4.4 g as shown in Table 4.1.
It was found that in order to achieve spray penetration with the given fuel
rate, a low velocity for the angled air inlets was needed. Since the main topic
35
Figure 4.4: Spray injection combustor geometry.
of investigation was droplet dispersion at a Stokes number close to unity, a
low g-loading was acceptable. N-heptane was chosen as the fuel because die-
selFOAM was designed to model this fuel and a simple chemistry model is
already implemented for future combustion modeling.
4.2.2 Mixture Fraction
When analyzing the fuel mixture fraction, the UCC’s geometry was
modified to a 40% length increase along the normal to the cavity center to
increase the fuel’s residence time as shown in Fig. 4.6. The flow de-swirler
was removed and all of the 6 sprays inject propane gas, which are modeled as
continuous fuel jets. This means that all of the fluids inside the UCC are in
the gas phase, unlike the spray injection cases, which consist of a multiphase
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Figure 4.5: Sectional view of the combustor for spray injection configuration.
system. Therefore, the only differences between the mixture fraction and the
spray configurations are the UCC’s axial length, the incorporation of a flow-
deswirler, the type and state of the fuel injected, and the number of fuel inlets
used. Figure 4.7 is a sectional view of the UCC at the plane of injection, which
shows the fuel and air inlet configuration.
All of the fuel inlets inject the gaseous fuel and the same swirling motion
is generated by the angled air inlets like in the spray injection case. Table 4.2
lists the main conditions and parameters used to carry out the simulation. In
contrast to the spray injection cases, a g-loading of 170 g is achieved due to
the much higher air inlets’ velocity. This g-loading was chosen because it is
in the range of the combustor’s operational condition once the majority of the
fuel has been evaporated. The nozzle diameter had to be increased from its
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Table 4.1: Spray simulations conditions.
Constant Dd Variable Dd
Dd (m) 7.5× 10−5 Variable
Dnozzle (m) 7.5× 10−4 7.5× 10−4
PDF Uniform Rosin Rammler





Fuel type liquid n-heptane liquid n-heptane
# of sprays 3 3
Spray angle (deg) 85 85
Total ṁspr (kg/m
3) 1.2× 10−3 1.2× 10−3
Total ṁair (kg/m
3) 0.02 0.02
Uspr (m/s) 1.52 1.52
Uair (m/s) 2.5 2.5
G-loading (g) 4.4 4.4
T (K) 300 300
P (kPa) 101 101
spray counterpart in order to maintain the fuel flow velocity below supersonic,
while maintaining the desired momentum ratio between the fuel and air inlets.
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Figure 4.6: Gaseous phase combustor geometry.
Figure 4.7: Sectional view of the combustor for mixture fraction configuration.
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Table 4.2: Mixture fraction simulation conditions.
Dnozzle (m) 3.175× 10−3
Fuel type propane gas













The results of this investigation are based on the simulations described
in (4.2) and the conditions listed in Tables 4.1 and 4.2. They were carried out
to investigate the flow inside the UCC and analyze droplet and gaseous fuel
dispersion in the pre-combustion stage. These results are divided into the two
main categories pertaining to this study, spray injection and mixture fraction.
The spray injection results are further subdivided into constant and variable
droplet size results.
5.1 Spray Injection
5.1.1 Constant droplet size
The main objective of maintaining the droplet size constant is to an-
alyze droplet dispersion and understand the interaction of the turbulent flow
with the spray inside the combustor. This is helpful in understanding the
distribution of spray droplets prior to evaporation, providing a rough estimate
of the combustion’s ability to uniformly disperse fuel. It is then very impor-
tant to have a flow field solution that resolves the majority of the highest
energy containing scales, which in this case is the LES solution. In the dis-
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cussion of results provided here, only instantaneous images of the flow fields
are considered. It is found that the time-averaged profile did not provide ad-
ditional insights in the context of the discussion below. Before arriving to a
high resolution LES solution, RANS simulations with the standard mesh were
performed, which will be compared to the fine mesh and standard mesh LES
solutions (Figs.4.2a and 4.2c).
LES quality is tightly correlated to mesh density, so naturally the case
with the fine mesh resulted in the most detailed flow structures as shown in
Figs. 5.1 and 5.2. They are instantaneous flow fields at one flow trough time at
UCC’s center, while Fig. 5.2b is an isometric 3-D clipped view. They show the
counter-clockwise circular flow due to the angled air inlets, which creates the
expected swirling motion of the bulk flow concentrated at the center core of the
UCC. The flow then accelerates over the front edges of the deswirler and finally
exits through the outlet. Fig. 5.1 shows sharp velocity gradients in between
each of the 8 sets of angled air inlets as the flow curves into full circular motion
and at the inner core, which is a strong indication of turbulent flow structures.
This is very important because these are signs of potential enhanced mixing
due to turbulence at the areas of fuel injection, where the thorough mixing
of reactants is imperative. The most interesting fact in this figure is the high
velocity inner ring at the core, which contains velocity magnitudes as high as
4 times the injected air velocity. This high velocity ring is seen in more detail
in Fig. 5.3, which shows a tangential velocity contour. It shows that the core
where most of the uniform circular motion occurs is divided into an outer ring,
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at about 3.5 cm from the center, and an inner ring, at approximately 1.75 cm
from the center. Also, the tangential velocity almost doubles radially inward
at each of the rings, starting from the initial injected velocity.
Figure 5.4 is a velocity plot along the radius of the UCC shown in
Fig. 5.3. It shows that the tangential velocity values correlate with the velocity
magnitude from the outer radius of 7 cm until about 1.25 cm, which is the
boundary of the inner high velocity ring. This means that most of the velocity
up until the inner core ring is tangential velocity, almost full circular motion.
Once the flow escapes the high velocity inner ring, a drastic drop in velocity
occurs as shown in Fig. 5.4 and then a slight increase. This is probably due
to the flow turning from a circular to an axial trajectory as it exits to the
deswirler and finally the outlet.
In order to further understand the evolution of the flow, quantities
pertaining to the subfilter turbulent flow are shown in Fig. 5.5. The subfilter
kinetic energy or the residual kinetic energy is modeled based on the effective
kinematic viscosity and the local strain rate.
Kr = νeff |S̃δ|. (5.1)
They show that the majority of the velocity gradients and energy are concen-
trated inside the inner ring and at the fuel injection points. The strain rate
contour shows that the highest velocity gradients occur inside the inner ring,
but moderately high gradients occur at the fuel injection points as well, which
adds evidence to the fact that turbulent mixing occurs in these areas. The
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residual kinetic energy plot shows a concentration of energy at the inner ring,
which translates to a region well suited for the transport of burned cases to
the outlet.
Figure 5.1: Instantaneous contour of velocity magnitude plotted along the plane
of fuel injection.
The next step is to analyze the spray droplet dispersion due to this
turbulent flow field. Figs. 5.6a and 5.6b are 3-D graphics of the instantaneous
droplet dispersion inside the UCC at one flow through time. They show the
three sprays in JICF configurations that gradually evolve from slightly turbu-
lent at the point of injection to fully turbulent at the UCC’s half radius, and
finally break down at their tail by the swirling motion. This signals that the
majority of the enhanced mixing occurs at the half radius, which is the outer




Figure 5.2: (a) Instantaneous velocity magnitude contour plotted along the axial
centerline; (b) Instantaneous velocity magnitude 3-D contour plot clipped at the
center point.
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Figure 5.3: Instantaneous contour of tangential velocity plotted along the plane
of fuel injection.
is that the high velocity inner ring acts as a shield that entrains the droplets
in circular motion, allowing very few to escape into the axial flow. The lack of
momentum for the droplets to escape the inner ring signals that the transport
of burned gases and combustion products into the outlet might be severely
affected. Finally, Fig. 5.6a shows droplet entrainment for each spray, which
if significant and can cause unburned combustion products to not recirculate
into the core flow. This may be attributed to the droplets’ Stokes number be-
ing closed to unity, which would lead to the formation of high number density
local pockets of spray droplets observed by Reveillon and Demoulin (2006).
Figures 5.7 and 5.8 are the velocity contour plots and 3-D droplet dis-
46
Figure 5.4: Velocity values plotted along the radius shown in Fig. 5.3.
persion graphics for the LES and RANS simulations with the standard mesh,
respectively. The plots were captured at one flow through time as well and
all of the same spray properties were maintained. The instantaneous velocity
magnitude contour plots show that the flow structures are not as distinct as in
the previous LES simulation and the RANS simulation shows no structures at
all. The overall physics of the flow is maintained, but the inner ring is lost in
the RANS simulation whereas the LES still exhibits this feature. This is due to
the turbulence models used in the RANS calculations that are not suitable for
flows with large swirling motion, which cause the flow to appear more diffused
when compared to LES. The droplet dispersion figures in Fig. 5.7 are much
more chaotic than the RANS counterpart in Fig. 5.8, where the droplets fol-
low a very uniform trajectory towards the UCC’s core. Overall, mesh density
was a strong driver when trying to resolve the detailed flow structures that




Figure 5.5: Contours of (a) strain rate and (b) residual kinetic energy plotted




Figure 5.6: (a) Frontal and (b) isometric views of droplet dispersion for LES with
fine mesh.
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(a) Velocity contour plotted along the plane of fuel injection.
(b) Frontal view of droplet dispersion.
Figure 5.7: LES simulation with standard mesh.
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(a) Velocity contour plotted along the plane of fuel injection.
(b) Frontal view of droplet dispersion.
Figure 5.8: RANS with standard mesh
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5.1.2 Variable droplet size
In order to obtain a greater understanding of the effect of buoyancy
force inside the UCC, LES and RANS simulations were conducted with the
fuel sprays injecting droplets with a variable diameter. The instantaneous LES
and RANS results are shown in Fig. 5.9. They are droplet dispersion frontal
views at one flow through time colored by droplet diameter. As expected,
the droplet dispersion on the RANS simulation is very steady and uniform,
whereas the LES is more chaotic due to the more resolved turbulent behavior.
LES shows a smaller inner ring than the RANS simulation where very few
droplets are present. This is due to the less diffused flow solution achieved by
LES, which resolves the high velocity inner ring much better than the RANS’
results. The main observation from these results is that the smaller droplets
concentrate at the UCC’s inner core, while the large droplets tend to move
outward towards the rim of the combustor. This correlates with the UCC’s
purpose of having buoyancy forces drive the less dense burned combustion
products into the center and towards the outlet, while keeping the denser
unburned products re-circulating inside the UCC to complete combustion.
Once the injected droplets enter the combustor, evaporation starts to
release the fuel into the gas phase. Based on OpenFOAM’s standard evapo-
ration method, Fig. 5.10 is an instantaneous contour of fuel fraction showing
the unevaporated spray droplets in black. It shows that the evaporated fuel
follows the expected swirling trajectory towards the center core. It also shows




Figure 5.9: Instantaneous frontal views of droplet dispersion colored by droplet
diameter for (a) LES and (b) RANS simulations
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face, which means these are gaseous fuel saturated areas with higher droplet
density.
Figure 5.10: Instantaneous contour of fuel fraction with spray droplets plotted
along the plane of fuel injection
5.2 Mixture Fraction
When analyzing fuel mixture fraction, only one LES was carried out to
explore the gaseous fuel dispersion at a relatively high g-loading. Figure 5.11
shows the instantaneous flow field, while Fig. 5.12 shows the mixture fraction
field inside the high-g combustor. The fuel injection inside the cavity is located
in such a way that the air entering the cavity directly interacts with the fuel
jet. In Fig. 5.12, it can be seen that the air injection deflects the fuel jet
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leading to a typical jet-in-crossflow type breakdown of the core. In addition,
the angled air inlet in the cavity sets up a counter-clockwise rotation, which
causes fuel circulation and mixing. The fuel jets do not interact directly, which
could lead to additional instabilities in a reacting flow environment. There is
some fuel re-circulation aft of every fuel jet when seen as a jet-in-crossflow,
which can enhance the air-fuel mixing. Fig. 5.11 shows the high velocity inner
ring that appears in the spray injection case with velocity magnitudes almost
3 times the injected velocity. This causes a barrier that may enhance mixing
at the edge, but may cause the post-combustion removal of hot gases along
the normal to the cavity center more difficult.
Figure 5.11: Instantaneous contour of velocity magnitude plotted along the plane
of fuel injection
Further analysis on the flow is done by calculating subfilter turbulent
55
Figure 5.12: Instantaneous contour of mixture fraction plotted along the plane of
fuel injection
flow quantities shown in Fig. 5.13. The effective viscosity is the sum of the
laminar viscosity and the turbulent viscosity obtained from the Smagorinsky
closure for the residual stress terms (Eq. 2.21). It is seen that the subfilter
viscosity is concentrated along the fuel trajectory and has peak values both at
the fuel injection ports and at the core. The subfilter kinetic energy shows peak
values at the same locations, corresponding to shear-generated turbulence at
the interface of the fuel jets with the surrounding swirling air. Further, kinetic
energy patterns show increased turbulent intensity along the edge of the fuel
jets, indicating strong interaction between the turbulent flow and the fuel jet,




Figure 5.13: Contours of (a) turbulent viscosity and (b) residual kinetic energy
plotted along the plane of fuel injection
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The mixing process itself is better quantified through strain and scalar
dissipation rates. The total scalar dissipation rate for the scalar is modeled as
[23]:






Figure 5.14 shows the strain rate and dissipation rates for the flow field dis-
cussed above. The main difference between an axial combustor and the cavity-
based combustor is seen in the distribution of strain and dissipation rates. In
conventional combustors, the strain rates are typically co-located with the
dissipation rates. Note that dissipation rates are the highest at the fuel-air
interface. Since these interfaces typically coincide with the inlet streams in
a conventional combustors, the shear layers will evolve similar to the scalar
mixing layers. In the UCC, the strain rates and dissipation rates are not neces-
sarily co-located. For instance, Fig. 5.14a shows that the highest strain rates
inside the cavity are located around the air jets and at the cavity’s center.
While the fuel jet does introduce some shear, the mass flow rate of the fuel jet
is low compared to the air flow rate. Consequently, the dominant strain rates
arise from the interaction of the air stream with the circulating flow inside the
cavity. Similarly, the breakdown of the fuel jet is induced by the swirling flow
inside the cavity. In a reacting case, this swirling mass will consist of burnt
gases. Although the breakdown of the jet entails physics similar to a conven-
tional jet in crossflow, the mixing induced by this breakdown occurs between




Figure 5.14: Contours of (a) strain and (b) dissipation rates plotted along the




The flow inside a model high-g combustor was simulated using the LES
and RANS modeling approaches. The spray injection of both non-evaporating
and evaporating droplets was simulated to gain insight on fuel droplet disper-
sion inside the cavity. A passive scalar was tracked to study the gaseous fuel
behavior. The computations reveal that the flow inside the cavity consists
of a main swirling flow generated by the injection of the air stream from the
plenum at a pitched angle. The fuel jets, located further away from the air
stream injection holes, issue into the circulating flow and are deflected similar
to a jet-in-crossflow configuration. The fuel jet breaks down and mixes with
the circulating flow, which in a combusting environment will consist of burnt
and partiallly-burnt gases. A high velocity vortex-like ring develops at the
center core of the high-g combustor, which has enough momentum to poten-
tially entrap the combustion products and decrease their flow into the outlet.
The non-evaporating droplet simulations showed the presence of favorable tur-
bulent regions at mid-radius that can enhance the mixing of reactants. Also,
small droplet segregation zones appear fore of the spray injection points, which
may increase in size as the flow develops further.
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Droplet evaporation was significantly rapid, leading to a total liquid
phase depletion very close to the injection region. The dispersion of fuel from
these droplets showed interesting patterns. The fuel was found to mix close to
the combustor core, which is also the region of flame location. Consequently,
there is expected to be a strong interaction between turbulence-driven fuel dis-
persion and turbulence-enhanced mixing and combustion. Since the flow con-
figuration promotes the mixing of pure oxidizer and fuel with burnt products,
combustion models for this geometry should be able to handle the partially-
premixed region explicitly. Further, the separation between regions of high
strain rate and scalar dissipation rate implies that equilibrium models used to














default Gauss l i n e a r ;





div ( phi , rho ) Gauss l im i t edL inea r 1 ;
div ( phi ,U) Gauss l imitedLinearV 1 ;
div ( phiU , p) Gauss l i n e a r ;
div ( phi , k ) Gauss l im i t edL inea r 1 ;
div ( phi , e p s i l o n ) Gauss l im i t edL inea r 1 ;
div ( phi , Yi h ) Gauss upwind ;
div ( phi , f u f t h ) Gauss mu l t i v a r i a t e S e l e c t i o n
{
fu l im i t edL inea r 1 ;
f t l im i t edL inea r 1 ;
hs l im i t edL inea r 1 ;
} ;
d iv ( ( muEff∗dev2 ( grad (U) .T( ) ) ) ) Gauss l i n e a r ;
}
l ap lac ianSchemes
{
default Gauss l i n e a r uncorrected ;
l a p l a c i a n (muEff ,U) Gauss l i n e a r uncorrected ;
l a p l a c i a n (muEff , f t ) Gauss l i n e a r uncorrected ;
l a p l a c i a n (muEff , fu ) Gauss l i n e a r uncorrected ;
l a p l a c i a n ( ( ( alphah∗mut)+alpha ) , hs ) Gauss l i n e a r uncorrected ;
l a p l a c i a n ( ( rho |A(U) ) , p) Gauss l i n e a r uncorrected ;
l a p l a c i a n ( rhoD , k ) Gauss l i n e a r uncorrected ;
l a p l a c i a n ( rhoD , ep s i l o n ) Gauss l i n e a r uncorrected ;
}
i n t e rpo la t ionSchemes
{
default l i n e a r ;

















s o l v e r PCG;
p r e cond i t i one r DIC ;
t o l e r an c e 1e−09;





t o l e r an c e 1e−06;
}
” (U|Yi | hs | k | ep s i l o n ) ”
{
s o l v e r PBiCG;
p r e cond i t i one r DILU ;
t o l e r an c e 1e−06;









i n t e rpo la t ionSchemes
{
U ce l lPo in tFace ;
rho c e l l ;
p c e l l ;
T c e l l ;
}
subCycles 2 ;
atomizationModel o f f ;
i n c l u d eO s c i l l a t i o n yes ;
breakupModel o f f ;
in j ec torMode l ho l lowConeIn jector ;
c o l l i s i o nMode l o f f ;
evaporationModel o f f ;
heatTransferModel RanzMarshall ;
d i spers ionMode l o f f ;
dragModel standardDragModel ;
wallModel r e f l e c t ;
specConstAtomizat ionCoef f s
{
dropletNozz leDiameterRat io ( 0 .4 ) ;
















k1 0 . 2 ;






Cb 0 . 7 85 ;





B0 0 . 6 1 ;
B1 40 ;
Ctau 1 ;
CRT 0 . 1 ;
msLimit 0 . 2 ;
WeberLimit 6 ;
}
t r a j e c t o r yCo e f f s
{
cSpace 1 ;




preReFactor 0 . 166667 ;
ReExponent 0 . 666667 ;
ReLimiter 1000 ;
CdLimiter 0 . 4 4 ;




evaporationScheme expl ic i t ;
preReScFactor 0 . 6 ;
ReExponent 0 . 5 ;




preRePrFactor 0 . 6 ;
ReExponent 0 . 5 ;
PrExponent 0 . 333333 ;
}








maxValue 0 . 00015 ;





minValue 0 . 0001 ;

















r e f l e c t C o e f f s
{





in j ec torType un i t I n j e c t o r ;
un i t In j e c t o rProp s
{
po s i t i o n (
(−6.3416724e−007 0 .067 −4.644e−005)
(7 .8809109 e−008 −0.0332 0 .0582)
(−2.550591e−006 −0.0332 −0.0582)
) ;
d i r e c t i o n (
( 0 −1 0 )
( 0 0 .5 −0.86603 )
( 0 0 .5 0.86603 )
) ;
diameter 7 .5 e−4;
Cd 0 . 9 ;
mass 1 .1745 e−04;








(4 .16667 e−05 1e−6)
(8 .33333 e−05 1e−5)
(0 .000125 0 .0003915)
(0 .000166667 0 .0003915)
(0 .000208333 0 .0003915)
(0 .00025 0 .0003915)
(0 .000291667 0 .0003915)
(0 .000333333 0 .0003915)
(0 .000375 0 .0003915)
(0 .000416667 0 .0003915)
(0 .000458333 0 .0003915)
(0 .0005 0 .0003915)
(0 .000541667 0 .0003915)
(0 .000583333 0 .0003915)
(0 .000625 0 .0003915)
(0 .000666667 0 .0003915)
(0 .000708333 0 .0003915)
(0 .00075 0 .0003915)
(0 .000791667 0 .0003915)
(0 .000833333 0 .0003915)
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(0 .000875 0 .0003915)
(0 .000916667 0 .0003915)
(0 .000958333 0 .0003915)
(0 .001 0 .0003915)
(0 .00104167 0 .0003915)
(0 .00108333 0 .0003915)
(0 .001125 0 .0003915)
(0 .00116667 0 .0003915)
(0 .00120833 0 .0003915)
(0 . 05 0 .0003915)
( 0 . 3 0 .0003915)
) ;
t empera tu r ePro f i l e
(
( 0 . 0 300)
(0 . 05 300)















default Gauss l i n e a r ;
grad (p) Gauss l i n e a r ;





div (U) Gauss l i n e a r ;
div ( phi ,U) Gauss l i n e a r ;
div ( phi , nuTilda ) Gauss l im i t edL inea r 1 ;
div ( ( nuEff∗dev ( grad (U) .T( ) ) ) ) Gauss l i n e a r ;
div ( ( nuEff∗dev2 ( grad (U) .T( ) ) ) ) Gauss l i n e a r ;
div ( ( nuEff∗grad (Z ) ) ) Gauss l i n e a r ;
div ( phi , Z) Gauss l im i t edL inea r01 1 ;
}
l ap lac ianSchemes
{
default Gauss l i n e a r co r r e c t ed ;
l a p l a c i a n ( nuEff ,U) Gauss l i n e a r co r r e c t ed ;
l a p l a c i a n ( nuEff , Z) Gauss l i n e a r co r r e c t ed ;
}
i n t e rpo la t ionSchemes
{
















s o l v e r PCG;
68
pr e cond i t i one r DIC ;
t o l e r an c e 1e−06;
r e lTo l 0 . 1 ;
}
” (U| nuTilda |Z) ”
{
s o l v e r PBiCG;
p r e cond i t i one r DILU ;
t o l e r an c e 1e−06;










fvSca la rMatr ix ZEqn
(
fvm : : ddt (Z)
+ fvm : : div ( phi , Z)
−fvm : : l a p l a c i a n ( turbulence−>nuEff ( ) , Z)
) ;
ZEqn . r e l ax ( ) ;
ZEqn . s o l v e ( ) ;
Info<< ”Z min/max = ” << min(Z ) . value ( ) << ” , ”
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